Tropheryma whipplei is the gram-positive bacterium that is responsible for Whipple's disease (14) . In the last few years, several steps that have improved our knowledge of this microorganism have been taken, starting from cultivation of the first human isolate in fibroblasts (20) . This opened the way for T. whipplei genome sequencing (3, 21) , which in turn could result in a better understanding of the molecular basis for the pathogenicity of this bacterium. The availability of the T. whipplei genome also allowed identification of several genes, including rnc encoding RNase III. RNase III specifically recognizes and cleaves 23S rRNA insertion sequences called intervening sequences (IVSs), a process originally identified in Salmonella enterica (4) and now described as a general feature of several bacteria, such as Proteobacteria (6) and Spirochaetes (19) . Analysis of domain III of the T. whipplei 23S rRNA gene revealed the presence of an actinobacterial type B insertion sequence (accession no. AF148137) (10) . In the present study, our aim was to look for possible excision of this insertion sequence, which is located at positions 1,541 to 1,621 of rrl in T. whipplei strain Twist. This investigation was made possible by another concrete postgenomic advance, namely, the design of a comprehensive culture medium that allows replication of T. whipplei under axenic conditions (22) . Previously, cultivation of T. whipplei required the presence of eukaryotic host cells (7, 20) . Given its small genome size, it is not surprising that T. whipplei lacks almost all known genes that are required for the de novo biosynthesis of amino acids. As is the case for other smallgenome intracellular bacteria, T. whipplei depends on the availability of host-derived metabolites that are imported into the bacteria by a variety of transporters (1, 17) . When RNA is extracted from obligate intracellular bacteria, such as Rickettsia conorii, eukaryotic nucleic acids are also detected (24) . This hampers fine analysis of the prokaryotic RNA profile. In this work, we took advantage of axenic cultivation of T. whipplei to determine if 23S rRNA insertion sequence cleavage occurs.
MATERIALS AND METHODS
Strain, medium, and growth conditions. All experiments were performed with mid-log cultures of T. whipplei strain Twist (12) grown under axenic conditions (22) . Bacterial growth was monitored by flow cytometry counting using a Microcyte portable flow cytometer (Optoflow AS, Oslo, Norway) and by quantitative PCR as previously described (8, 22) .
RNA extraction. All reagents were made and all processes were performed in sterile, disposable, guaranteed nuclease-free labware. All solutions were made with water treated with 0.1% (vol/vol) diethyl pyrocarbonate (DEPC). Following centrifugation (16,900 ϫ g, 10 min) bacteria were resuspended in Trizol reagent (Invitrogen Life Technologies) and sonicated on ice for 0 s to 6 min (Vibra Cell 75022; Bioblock Scientific). RNA extraction was carried out according to the manufacturer's guidelines. The resulting pellet was resuspended in 40 l of DEPC-treated H 2 O and treated with DNA-free (Ambion, Austin, TX) to remove DNA contamination. The amount and integrity of each RNA sample were checked by automated capillary gel electrophoresis using a Bioanalyzer 2100 with RNA Nano LabChips (Agilent, Palo Alto, CA).
RT-PCR amplification. Reverse transcription (RT)-PCR amplification was performed using the one-step RT-PCR system (Superscript reverse transcriptase with Platinum Taq polymerase; Life Technologies). The reaction was carried out in a 25.2-l mixture containing 12.5 l of 2ϫ reaction mixture, each primer at a concentration of 0.4 M, 0.7 l of RT/Platinum Taq mixture, and 2 l of template RNA. The primers used were TwrpoB.F (5Ј-TTGAGCGCACGCCG GAAAAA-3Ј) and TwrpoB.R (5Ј-GCACCGCAACCTCGGAGAAA-3Ј). These primers, which were designed to target a 507-bp fragment of the ␤-subunit of the RNA polymerase gene (rpoB), were demonstrated previously to be highly sensitive diagnostic tools (5). RT-PCR amplification was carried out with a PTC-100 thermocycler (MJ Research, Inc.). Negative controls containing 2 l of recombinant Taq DNA polymerase (Gibco BRL) instead of 1 l of the RT/Platinum Taq mixture were included in all reactions to determine whether there was DNA contamination. Amplified products were visualized with a UV transilluminator after electrophoresis on 1% (wt/vol) agarose gels and ethidium bromide staining.
Northern blot assay. Genomic T. whipplei DNA extracted using a QIAamp DNA mini kit (QIAGEN, Courtaboeuf, France) was amplified by PCR (Expand High Fidelity PCR system; Roche Applied Science, Indianapolis, IN) using primers amplifying total 23S rRNA (rrl) ( were also amplified. The PCR products obtained were cloned into the pGEM-T Easy vector (Promega, Charbonnieres, France), and positive sequenced clones (3100 genetic analyzer; Applied Biosystems, Courtaboeuf, France) were used as DNA templates for a second PCR amplification. Amplicons were radiolabeled with [␣-32 P]dCTP (Prime-It II random primer labeling kit; Stratagene, La Jolla, CA) and purified with a Sephadex G-50 column (Sigma-Aldrich, St. Louis, MO) as previously described (23) . T. whipplei RNA was denatured by 60 min of heating at 50°C before migration into a 1.2% agarose gel. Following 4 to 4.5 h of migration (60 V), RNA was transferred onto a Hybond-N ϩ membrane (Amersham Biosciences, Orsay, France), fixed for 2 h at 80°C, and cross-linked (0.12 J/cm 2 ). Hybridized [␣-32 P]dCTP-labeled fragments were detected by autoradiography (Hyperfilm ECL; Amersham Biosciences).
Sequencing of the 1,500-bp RNA region. Total RNA was separated by polyacrylamide-urea electrophoresis, and the 1,500-base region resolved was excised and resuspended in 200 l DEPC-treated H 2 O. The RNA solution was dialyzed onto a 0.025-m membrane (Millipore) to eliminate urea. One-step RT-PCR was performed using the same primers that were used for Northern blotting in order to amplify total 23S rRNA, 5Ј and 3Ј 23S rRNA extremities, and 16S rRNA. The resulting amplicons were sequenced (3100 genetic analyzer) and analyzed using BLASTN (http://www.ncbi.nlm.nih.gov).
Phylogenetic analysis. 23S rRNA IVSs were searched in the NCBI databank. Alignment of selected nucleotide sequences was performed with CLUSTAL W (26) . A maximum-parsimony analysis was performed using the MEGA2 software (available online). The alignment was sampled for 100 bootstrap replicates.
RESULTS

Extraction of T. whipplei RNA.
In order to optimize RNA extraction, several volumes (range, 1 to 300 ml) of mid-log cultures of T. whipplei strain Twist (12), grown under axenic conditions (22) , were treated. Various lysis methods coupled with four distinct extraction procedures, including the Trizol reagent, an RNeasy mini kit (QIAGEN), a FastRNA Pro Blue kit (Qbiogene, Irvine, CA), and a RiboPure bacterial kit (Ambion), were tested. To determine the quality of the extracted RNA, as well as the output of the extraction, all samples were analyzed with a Bioanalyzer 2100. The results obtained clearly demonstrated that extraction performed using the Trizol reagent, starting with 100-ml mid-log cultures of T. whipplei sonicated twice for 30 s, was the only method tested that produced detectable quantities of RNA (approximately 5.5 g total RNA per 2 ϫ 10 8 bacteria). Qualitative analysis of T. whipplei RNA. A representative electropherogram pattern for T. whipplei RNA obtained by this method is shown Fig. 1A . Three major peaks were observed; the first one (on the left, 24 s) corresponds to the standard calibration. The sizes of the other peaks are approximately 120, 1,500, and 3,100 bp, which correspond to the expected sizes of 5S rRNA, 16S rRNA, and 23S rRNA from T. whipplei, respectively (21) . Therefore, it is evident that the middle peak, thought to correspond to 16S rRNA, is atypical and composed of two peaks that are close together. Since samples were treated with RNase-free DNase (QIAGEN), the hypothesis that there was contaminating DNA was discarded, which was confirmed by a PCR assay. As shown in Fig. 2 , RT-PCR amplification of the rpoB gene from our purified RNA was successful, and no amplification was observed in the absence of reverse transcriptase. The atypical electrophoresis profile, coupled with the fact that in all our experiments the 23S rRNA/ 16S rRNA ratio, which normally is between 1 and 2 (25), was only 0.19 Ϯ 0.01 (mean Ϯ standard deviation; n ϭ 20), suggested that T. whipplei 23S rRNA was effectively cleaved.
Northern blot analysis and sequencing of T. whipplei RNA. To check for possible IVS excision from 23S rRNA, Northern blotting was performed using specific probes complementary to the full gene or, alternatively, to the 5Ј or 3Ј extremities (Fig.  1B) . 16S rRNA (rrs) and 5S rRNA (rrf) probes were also used as controls. As shown in Fig. 1C , when either 16S rRNA or 5S rRNA probes were used (lanes 4 and 5), there was hybridization to a single band located at the expected size of the fulllength molecule (i.e., 1,525 and 120 bp, respectively). In contrast, several fragments were observed with 23S rRNA probes (lanes 1 to 3). A 3,100-bp band whose intensity was low, which likely corresponded to unfragmented rrl, was recognized by the three distinct rrl probes. This was also the case for a 1,500-bp band. T. whipplei IVS excision could generate two distinct fragments (1,540 and 1,480 bp, corresponding to the 5Ј and 3Ј rrl extremities, respectively). These fragments were probably too close together to be resolved in agarose gels, but their recognition by either the 5Ј or 3Ј end rrl probes demonstrated that splicing had occurred. This was confirmed by amplification and sequencing of the RNA present in this 1,500-base region. Using polyacrylamide gel-extracted RNA as the template and the same primers that were used for the Northern blot probes, we failed to amplify the full-length 23S rRNA. In contrast, amplicons were obtained using primers designed to amplify both 5Ј and 3Ј extremities of 23S rRNA, as well as 16S rRNA (data not shown). Their identities were confirmed by BLAST analysis of corresponding sequences (not shown). Phylogenetic analysis of 23S rRNA IVSs. We analyzed the phylogenetic relationship of the T. whipplei IVS identified here with other IVSs found in the 23S rRNA of other bacteria. Among all the candidates identified, T. whipplei is the only gram-positive microorganism. Representative nucleotide sequences of each bacterial species were then aligned to construct the maximum-parsimony tree. The topology of the phylogenetic tree obtained is shown in Fig. 3 .
DISCUSSION
In this paper we describe an efficient and reproducible protocol for extracting RNA from T. whipplei. The best results were obtained by sonication of bacteria previously resuspended in Trizol reagent, but the resulting RNA profile was not the expected profile (i.e., 120 bp for 5S rRNA, 1,525 bp for 16S rRNA, and 3,102 bp for 23S rRNA) (21) . The electropherogram pattern was atypical, suggesting that there was possible RNA cleavage. By using Northern blot analysis and sequencing of the 1,500-base RNA region resolved by electrophoresis, we demonstrated that excision of an IVS postulated to be 80 bp long (10) occurred, leading to cleavage of the 23S rRNA. The sporadic distribution of IVSs throughout the bacteria suggests that their formation results from lateral transfer events (2, 16, 18) . We thus examined the phylogenetic relationships between T. whipplei and other characterized bacterial IVSs, which confirmed that T. whipplei 23S rRNA IVS was acquired by lateral gene transfer between enteric bacteria.
The function of IVSs is poorly documented. It has been demonstrated that an S. enterica serovar Typhimurium RNase III (rnc)-deficient strain in which IVSs are not excised grows slowly. Nevertheless, this effect was not attributed to a fault in IVS excision but rather to the absence of other RNase IIIcatalyzed reactions (15) . This is consistent with the fact that when Escherichia coli (which does not normally contain IVSs) is transformed with a plasmid carrying an IVS-containing S. enterica serovar Typhimurium rrl gene, the 23S rRNA is fragmented but the growth rate is similar to that of the wild type (9) . It has also been reported that, in contrast to what was observed in E. coli, 23S rRNA of Salmonella strains is rapidly degraded when growing cells enter the stationary phase. This process, which in turn regulates rRNA and ribosome synthesis, might facilitate adaptation of the microorganisms to a rapidly changing growth environment (11) . Such adaptive pathways should be useful for T. whipplei, which it is thought to have an environmental reservoir (13) . Recent work highlighted the finding that IVSs are mainly localized in symbionts and pathogens of eukaryotic hosts (2) . From this observation it was hypothesized that IVSs could result from close bacterium-host relationships that lead to genome reduction as a part of an overall adaptation process. The pronounced secondary structure of IVSs may promote increased communication between bacteria and their host cells (2) . A functional role in a pathway independent of the ribosome but transcriptionally linked to protein production in the bacterium and also in the host has thus been evoked (2) . While T. whipplei can be cultivated under axenic conditions in vitro (22) , this microorganism is an intracellular pathogen (12) with a genome size of only 928 kb (3, 21) . This bacterium is deficient in essential amino acid pathways (22) , which are provided by the host, like other smallgenome intracellular bacteria. It could be hypothesized that excision of the IVS from 23S rRNA should enhance transcription of these nutrients from the host cell, thus ensuring the survival of T. whipplei. Although the precise function of IVSs remains to be elucidated (18) , we believe that is it important to know which sequences are removed from the primary rRNA transcript during rRNA maturation since rRNA sequences are widely used for bacterial phylogeny and identification purposes.
